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Abstract Plant viruses move systemically from one leaf to
another via phloem. However, the viral functions needed for
systemic movement are not fully elucidated. An experimental
system was designed to study the effects of low temperature on
the vascular transport of the tobacco mosaic tobamovirus
(TMV). Vascular transport of TMV from lower inoculated
leaves to upper non-inoculated leaves via a stem segment kept at
low temperature (4‡C) was not affected. On the other hand,
several experiments were performed on tobacco leaves to
demonstrate that virus replication did not occur at the same
temperature. The data suggest that replication of TMV in the
phloem of wild-type tobacco plants is not necessary for the
vascular transport of TMV, and that the virus moves with
photoassimilates as suggested previously.
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1. Introduction
Cell-to-cell movement of the tobacco mosaic tobamovirus
(TMV) and other viruses via plasmodesmata in tobacco mes-
ophyll tissue has been extensively examined during the past
decade [1,2]. However, far less is known about how viruses
move long distances in the vascular system [3]. TMV is a
single-stranded, plus-sense RNA virus encoding four proteins.
Cell-to-cell movement of TMV is thought to be mediated by
the viral-encoded movement protein (MP), which is known to
bind single-stranded and viral RNA [4,5], and upregulate plas-
modesmal size exclusion limit (SEL) [6,7], whereas coat pro-
tein (CP) has been shown to be essential for vascular trans-
port. The functionality of the coat protein and the origin of
assembly are critical for the phloem-dependent accumulation
and translocation of TMV in a host-dependent way [8^15].
Mutations in the replication-associated 126 kDa and 183
kDa proteins also a¡ect phloem loading of TMV [16].
Based on the rate of translocation of photoassimilates and
of systemic virus spread it has been suggested that TMV
moves with photoassimilates in phloem in a passive way
[17,18]. However, it was recently suggested that replication
and TMV-MP are needed for the e⁄cient vascular transport
of TMV in grafted plants [19]. On the other hand, it has also
been shown recently by grafting experiments that production
of TMV-MP and hence replication of the virus are not neces-
sary for the vascular transport of TMV [20].
In this work the e¡ect of temperature on the vascular move-
ment of TMV was determined. It will be demonstrated that
low temperature inhibits virus replication and spread, whereas
vascular transport is not a¡ected. The data suggest that rep-
lication is not necessary for the e⁄cient vascular transport of
TMV.
2. Materials and methods
2.1. System to generate low temperature in a stem segment
A low temperature device (LTD) was designed to allow the cooling
of a stem segment of a TMV-inoculated tobacco plant (Nicotiana
tabacum cv. Xanthi-nn) by circulating cooled water. Initially, the cap-
acity of LTD to maintain the temperature at de¢ned rate (4‡C) for
the whole experimental period (9 days) was tested by a temperature
probe which was inserted inside the stem segment (cut with a knife)
kept inside LTD. The variation of temperature was not more than a
centigrade. Therefore, it was concluded that LTD provides a suitable
system to study the e¡ect of low temperatures on vascular transport
of TMV. Stem segments (10 cm in length) of some plants were kept
continuously at 4‡C. Control plants of similar in size and age were not
cooled. Lower leaves were inoculated with wild-type TMV (U1
strain), and virus movement to upper leaves was followed for 9 days.
Viral coat protein was extracted from the upper leaves and analyzed
by SDS-PAGE [21]. The experiment was repeated three times with
identical results.
2.2. The e¡ect of low temperature on virus multiplication and spread in
leaf tissue
The e¡ect of temperature on replication of TMV in leaf tissue was
examined in several ways. Tobacco plants transformed with the TMV-
MP gene (varieties Xanthi-nn and -nc, systemic and local lesion hosts
for TMV, respectively) were used to ensure that gating of plasmodes-
mata was not restricted due to the lack of MP [22]. Plants were TMV-
inoculated and transferred to a temperature chamber (4‡C) 24 h post-
inoculation. Prior to transfer the leaves were washed thoroughly with
water to remove any residual virus from the surface. Control plants
treated in similar way were maintained at 20‡C. Plants were main-
tained at a low temperature for 2^7 days. The replication of the virus
was estimated either by the formation of local lesions (in Xanthi-nc)
or by extracting the coat protein and/or performing an infectivity
assay: 0.1 g of Xanthi-nn leaves were ground in 300 Wl of 0.01 M
phosphate bu¡er, pH 6.8 at 0‡C, inoculated onto carborundum-
dusted half-leaves of Xanthi-nc [23], and followed for lesion formation
for 3 days.
3. Results and discussion
A low temperature device (LTD) was designed to study the
e¡ects of low temperatures on the vascular transport of the
tobacco mosaic tobamovirus (TMV) (Fig. 1). The vascular
transport of TMV from lower inoculated leaves to upper,
non-inoculated leaves was not a¡ected by low temperatures
even though the growth rate of plants was reduced. The ex-
istence of TMV in upper leaves was veri¢ed by immunological
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methods (Fig. 2, lanes 2 and 3). The reduced growth rate of
plants is of interest because it will most certainly also delay
virus spread if, as suggested previously [17,18], TMV moves
with photoassimilates. Nevertheless, this delay may not be
signi¢cant since the ¢rst signs of systemic symptoms in tobac-
co normally appears in 6 days and the amount of CP at the
9 days post-inoculation time point is almost the same between
the samples (Fig. 2, lanes 2 and 3). Some of the leaves at this
time point were not fully infected either in the plant with LTD
or in the control plant.
To con¢rm that the virus is not replicating at a low temper-
ature, experiments were performed in leaf tissue based on the
assumption that replication of the virus is similar both in
phloem cells and in other cells of the plant. Plants were
TMV-inoculated and transferred to a low temperature and
then back to 20‡C after several days and examined for lesion
formation and virus accumulation (Fig. 2, lanes 4 and 5, and
Fig. 3). No lesions or TMV-CP were detected in leaves kept at
a low temperature (Fig. 2, lane 5). To demonstrate that the
lack of infectivity (no formation of lesions or detection of CP)
was not due to unsuccessful infection of cells, plants (Xan-
thi-nc with MP gene) were inoculated for 24 h before low
temperature treatment. After 4 days these plants were trans-
ferred back to 20‡C and followed for lesion formation. Le-
sions appeared within the next 18 h instead of the 40 h nor-
mally needed for lesion formation from the beginning of
infection indicating that the virus had entered the cells but
was not capable of replication and spreading in them at low
temperatures. Some plants were also kept at a low temper-
ature for a longer time (up to 7 days) to show whether virus
replication and/or spread are signi¢cantly slower at low tem-
peratures, this may a¡ect the detection. No lesions or TMV-
CP were detected after inoculation onto Xanthi-nc plants
(data not shown).
It cannot be excluded that cell-cell movement of the virus is
also restricted at low temperatures. However, it was recently
demonstrated that tobacco cells maintained at 4‡C and bear-
ing the MP gene facilitate the movement of £uorescent dye
indicating that plasmodesmal and MP functions are not af-
fected by low temperatures [22]. Moreover, it has been shown
that only a minor amount of MP is needed for e⁄cient cell-to-
cell movement and hence lesion formation [24]. Therefore, if
the virus was replicating at low temperatures, this would be so
ine⁄cient that it cannot be detected by these experiments,
even though infectivity assay is one of the most sensitive of
virus assays. The data con¢rm the earlier results in which
TMV, once in the phloem, accumulated in upper non-inocu-
lated leaves at low temperatures but was not capable of mov-
ing into the mesophyll of these leaves [25^27]. Moreover, £u-
orescence from GFP-tagged TMV was not detected in
Nicotiana benthamiana plants even though TMV went sys-
temic in them [28]. In all, the results shown here support
the idea that vascular transport of TMV is passive and virus
replication in the phloem is not necessary for the e⁄cient
vascular transport of TMV in wild-type tobacco plants.
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Fig. 1. The system to study the e¡ect of low temperature on vascu-
lar transprort of the tobacco mosaic virus. Control plant (left) and
plant with the low temperature device (LTD, right) used to keep
stem segment at low temperature (4‡C) at 9 days post-inoculation.
Fig. 2. Immunoblot of coat protein (CP) of tobacco mosaic virus
(TMV). CP was extracted and analyzed by SDS-PAGE. Equal
amounts of protein sample were loaded onto wells. Lane 1: sample
from healthy tobacco plant (N. tabacum cv. Xanthi-nn); lane 2: CP
isolated from upper leaves 9 days post-inoculation (dpi) from plant
with LTD around stem segment; lane 3: CP isolated from upper
leaves (9 dpi) from plant without LTD; lane 4: sample from plant
kept at 20‡C for 4 days; lane 5: sample from plant kept at 4‡C for
4 days; lane 6: sample from systemically infected tobacco plant.
Fig. 3. Infectivity assay. TMV-inoculated tobacco plants (N. taba-
cum cv. Xanthi-nn with MP gene) were maintained at 4‡C or at
20‡C for 4 days. Coat protein samples were extracted and inocu-
lated onto Xanthi-nc (plant inoculated with sample from plant
maintained at 4‡C on right and at 20‡C on left). Lesion formation
was followed for 3 days.
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